Objective: To determine whether the cholesterol-lowering effect of a plant-based low-fat diet can be improved by a flexible control design that controls the extent of fat reduction based on the individual response of blood cholesterol. Design: Randomized, double-blind intervention study. Setting: A hotel in Prerow, Germany. Subjects: A total of 32 participants (21 female and 11 male participants) with total cholesterol level45.7 mmol/l. Intervention: The control group consumed a plant-based low-fat diet with constantly 20% of energy as fat; the intervention group received a diet with either 20 or 15% of energy as fat, depending on the serum cholesterol response of the preceding week. A flexible control design based on the individual cholesterol response during a run-in period of 1 week was used within a low-fat intervention. Results: During the run-in period, the consumption of a plant-based low-fat diet led to a reduction in total cholesterol by 1876 mmol/l (Po0.001), in LDL cholesterol by 1979 mmol/l (Po0.001) and triglycerides by 1373 mmol/l (Po0.001). During the feedback control period, an additional reduction in total cholesterol by 1378 (Po0.001) and in LDL cholesterol by 17711 (Po0.001) was observed compared to 15715 and 7718 in the control group. The effect of an additional feedback control was only marginal and not statistically significant compared to the effect of the low-fat diet alone. Conclusions: On a level of fat intake already reduced to 20% of energy, the use of a feedback control to adapt the fat content of the diet depending on the individual serum cholesterol response was not more effective in reducing blood cholesterol levels than a plant-based low-fat diet alone.
Introduction
Dietary fat is an important risk factor for several nutritionrelated diseases. There is a strong association between dietary fat intake and blood cholesterol levels (Grande et al, 1965; Hegsted et al, 1965) . A reduction in the dietary fat intake has been shown to decrease blood lipid levels (Ornish, 1998) . However, low-fat diets are often accompanied by a simultaneously increased carbohydrate intake, and subsequently by a reduction of the high-density lipoprotein (HDL)-cholesterol and an increase of serum triglycerides (Mensink & Katan, 1992 ). An optimum combination of macronutrients should be guaranteed to avoid this effect (Gibney, 1999) . However, according to the American Dietary Guidelines, a reduction of total fat intake is generally recommended as a primary preventive measurement in order to meet nutritional adequacy to reduce the risk of chronic diseases (Johnson & Kennedy, 2000) . A large individual variability in lipoprotein cholesterol response has been observed after the nutritional treatment of hyperlipidemia (Schaefer et al, 1997) , which may be partially explained by a polymorphism of apolipoprotein E (ApoE). ApoE is a protein associated with the metabolism of triacylglycerol-rich lipoproteins and HDLs and works as a ligand for low-density lipoprotein (LDL) receptors and LDL-receptor-related proteins (Erkkila et al, 2001 ). There are three common alleles of the ApoE gene (E2, E3 and E4). Population studies showed that LDL concentrations were lowest in individuals with the E2 allele, intermediate in those with the E3 allele, and highest in individuals with the E4 allele (Dallongeville et al, 1992; Ordovas, 1999) . Several intervention studies have investigated the correlation between ApoE polymorphism and the lipid response to changes in fat and cholesterol intakes (Ordovas, 1999) , but their results were inconsistent. Nevertheless, it is stated that some studies showed that the E4 allele carriers were more responsive to changes in dietary fat and cholesterol than were carriers of the E2 or E3 allele (Lopez-Miranda et al, 1994; Dreon et al, 1995; Sarkkinen et al, 1998) .
To improve the efficiency of dietary interventions, a personalized feedback control mechanism between total serum cholesterol response and the quantity of dietary fat reduction is desirable. This feedback mechanism should allow modifying the fat content of a low-fat diet depending on the individual blood lipid response to the diet and to further decrease or increase fat or energy intake.
The purpose of the present study was to investigate whether the well-known cholesterol-lowering effects of a plant-based, well-balanced low-fat diet can be improved by a feedback control considering the individual cholesterol response of patients. To control for a possible confounder, participants were characterized by their ApoE genotype.
Methods

Study design
A controlled, double-blind intervention study was conducted. The total duration of the dietary intervention period was 4 weeks divided into a run-in period of 1 week and a feedback control period of 3 weeks (Figure 1 ). The feedback control was conducted by controlling the weekly response of total cholesterol levels. The difference between the current cholesterol level and the target level of 4.4 mmol/l was used to modify the dietary intervention.
The study protocol and objectives were explained to all participants in detail. All volunteers provided written informed consent. The study protocol was approved by the Ethic Committee of the University of Giessen.
During the intervention period of 4 weeks, the participants were accommodated in a hotel in Prerow at the Baltic Sea, Germany, where all foods were prepared and provided. During their stay, the participants were not allowed to smoke, to drink alcohol or to eat foods other than those provided.
Subjects
Of 130 adult volunteers, recruited via newspaper advertisements and broadcast program, 32 participants (21 female and 11 male participants) were selected for the study. Inclusion criteria were a total cholesterol concentration 45.7 mmol/l. Exclusion criteria were diseases of the liver, kidneys or thyroid gland, diabetes mellitus and current treatment with lipid-lowering drugs. The participants were between 49 and 65 y of age. Sample size was calculated to detect a group difference of 0.270.2 mmol/l with a power of 80% with an a-error of 5%.
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Dietary intervention
The diets were based on the Wholesome Nutrition recommendations . Briefly, the general features of this diet are (1) preference for foods of plantorigin, (2) preference for foods processed as little as possible, (3) plentiful consumption of unheated fresh food and (4) a sparse use of fat. During the run-in phase, all participants received a low-fat diet (20% of energy). After the run-in phase, the control group continued consuming a low-fat diet containing constantly 20% of energy as fat. Diets of the feedback group were modified by using the individual response of total serum cholesterol. The feedback group diet contained either 15 or 20% of energy as fat. The diet was set at 15% of energy as fat if the difference between the current cholesterol level and the target of 4.4 mmol/l was reduced by less than 75% during the preceding week. Otherwise, the diet contained 20% of energy as fat.
The software program German Active Nutrition Control (German Nutrition Society, Bonn, Germany) was also used to control the dietary intervention automatically. Individual recipes and meal plans were also generated automatically. The difference in the fat content of the diets was 5% in order to avoid gustatory differences between diets. Owing to the small differences in the fat content, the kitchen staff was not able to distinguish between diets containing 15 or 20% of energy as fat by reading the recipes. Neither the participants nor the research and kitchen staff could discern to which group the participants belonged.
The diets of the feedback and the control group contained about 45 g of dietary fiber, a maximum intake for total sugar of 50 g/day and almost no cholesterol. For participants with a serum triglyceride level 42.26 mmol/l, the total sugar (sucrose and other di-and monosaccharides) intake was restricted to a maximum of 30 g/day. Each test person received three meals a day, that is breakfast, dinner and lunch. In addition, whole-grain crackers were offered as afternoon snacks.
Randomization procedures
The participants were stratified according to gender and then randomly assigned into a feedback or a control group. The commercial software program German Active Nutrition Control (German Nutrition Society, Bonn, Germany) was modified to assign participants into a feedback and a control group automatically.
Dietary assessment at baseline and calculation of nutrient score
At recruitment, an estimated 7-day food record was used to assess the dietary intake of the participants. Household measures were used to estimate dietary intake of food items. The nutrient intake was calculated using the commercial software DGE-PC Professional (German Society of Nutrition, Bonn, Germany) and was based on the German Food Code and Nutrient Data Base BLS II.2 (Federal Institute for Health Protection of Consumers and Veterinary Medicine, 1999) .
A nutrient score (Prerow value) was calculated for all participants at baseline. The score has been described in detail elsewhere (Wirsam & Uthus, 1996; Wirsam et al, 1997) . The Prerow value is defined as a measure of how closely the recommendations of the German Nutrition Society for nutrient intakes are met by the individual diet (D. A. CH., 2000) . A score of 1 indicates an optimal supply of all nutrients and a score of 0 implies the worst possible supply. The score is calculated as an average score for all nutrients (including energy requirement) on the basis of the harmonic mean corrected by an operator regarding the nutrient with the lowest value as the strongest effect. Reaching a Prerow value 40.9 is considered optimum. Prior to the study, the Prerow value among the subjects was 0.4470.22, none of the participants reached an optimum Prerow value.
During the total intervention period (run-in phase and feedback phase), an optimum intake of nutrients with a Prerow value Z0.9 was assured.
Body weight and blood analyses
At recruitment, at baseline and in weekly intervals during the intervention period body weight and serum lipid concentrations were determined. Fasting blood samples were collected under standardized conditions. In a whole blood sample from a fingerprick (collected in a lithium heparincoated capillary tube), total cholesterol, HDL cholesterol, triglycerides and glucose were determined simultaneously using the Cholestech LDX s system (Cholestech, Hayward, CA, USA). This system combines enzymatic methodology and solid-phase technology to measure total cholesterol, HDL cholesterol, triglycerides and glucose.
ARMS ApoE genotyping primers were used as described (Donohoe et al, 1999) . The dye-labeled ARMS primers were designed to recognize an Arg (Hex) or a Cys (Fam) and run in a multiplex PCR. In addition, a common primer APOE-r (CCAGGGAGCCCACA GTGGC) was designed that paired with Arg/Cys 158 or Arg/Cys 112 and produced an amplicon of 144 and 281 bp. A 335 fragment of the ApoE-gen was coamplified with the primer APOE-r and APOE-f (AGACGCGGGCACGGCTGTCCAAGGA) including the ARMS-PCR amplicon to function as an internal positive control.
Buccal cell tissue was collected with a swab (cultiplast s ) to obtain genomic DNA using a DNA extraction kit, NucleoSpin s (Mackery-Nagel). The isolated DNA was checked on an agarose gel and was measured using an ultraviolet spectrophotometer at 260 nm. Each PCR reaction mixture contained 50 ng genomic DNA, 12.5 ml HotStarTaq s Master Mix (Qiagen), ApoE-r 0.5 mM, ApoE-f 2 mM, Cys158/Cys112 1 mM and Arg158/Arg112 3 mM in a final volume of 25 ml. Amplification was performed with a Perkin-Elmer/Cetus DNA thermocycler 9700. Each PCR run had a blank control 
Statistical methods
All cutoff points for blood lipids were calculated according to the Adult Treatment Panel III (Pasternak, 2002) : hypertriglyceridemia is defined as serum triglyceride concentration Z1.7 mmol/l, high-LDL cholesterol as LDL cholesterol 44.1 mmol/l, low-HDL cholesterol as HDL cholesterol o1.0 mmol/l in men and 1.3 mmol/l in women, high fasting glucose as serum glucose Z6.1 mmol/l. All data are given as mean 7 standard deviation (s.d.) or standard error of the mean (s.e.m.). Baseline characteristics of the study groups were compared by Student's t-test and Fisher's exact test. The Distribution of risk factors was compared by Fisher's exact test among groups and by McNemar's test before and after intervention. Blood lipid concentrations during intervention period were analyzed by an analysis of variance with repeated measurement design. The effects of intervention were given as the effect of plant-based low-fat diet during intervention (time effect), effect of feedback control (time * feedback effect) and (time * APOE effect) within and between groups. The effect of other interaction terms was estimated, but excluded from the model when P40.1. Because of the small sample size, E2 and E3 alleles of APOE were combined and tested against E4 allele. For all analyses, the statistical software package for social sciences SPSS 11.5 (SPSS Inc., Chicago, IL, USA) was used.
Results
Baseline characteristics
Baseline characteristics were similar between the feedback and the control group (Table 1 ). All participants were slightly overweight. The total serum cholesterol levels were between 6.4 and 6.7 mmol/l. Of all participants, 8.3% carried the E2 allele of APOE, 58.3% the E3 and 33.3% the E4 allele. The distribution of the APOE genotypes did not differ between the feedback and control group. The baseline blood lipids also did not differ between participants with different APOE alleles (E2/E3 vs E4). The energy intake was 48 MJ/day with 34-36% of energy as fat. At baseline, no statistically significant differences in total serum cholesterol, energy and fat intake between the feedback and control group were observed.
Effect of the plant-based low-fat diet during the run-in period The energy intake during the run-in period was 6.570.2 MJ/ days in male and 6.070.2 MJ/day in female participants and was significantly reduced compared to the baseline energy intake due to the experimental design (Po0.001). The nutrient intake during the run-in period and the feedback control period differed mainly in energy, fat and cholesterol (Table 2) .
Total cholesterol, lipoproteins, triglycerides, blood glucose concentrations and BMI are shown in Table 3 . The consumption of a plant-based diet led to significant changes in blood lipids and fasting glucose concentrations. During the run-in period reductions were observed in total cholesterol concentrations by 1876% (Po0.001), in LDL cholesterol by 1979% (Po0.001) and in HDL cholesterol by 1478% (Po0.001). The total: HDL cholesterol and LDL:HDL cholesterol ratios did not change significantly. Consumption of a plant-based diet also decreased triglycerides by 1373% (P ¼ 0.003) and fasting serum glucose by 15710 (P ¼ 0.003) during the run-in period. An elevated LDL cholesterol concentration (Z4.1 mmol/l) was observed in 16% of the participants compared to 63% at baseline (Po0.001). Low HDL concentrations (o1.0 mmol/l in men and 1.3 mmol/l in women) were observed in 31% of the participants compared to 13% at baseline (P ¼ 0.031). Elevated triglyceride concentrations were observed in 22% of the participants compared to 41% at baseline (P ¼ 0.054), elevated fasting glucose in 3% of the participants compared to 23% at baseline (P ¼ 0.016).
Overall, during the run-in period no difference in the absolute or percentage blood lipid response to the low-fat diet was observed between ApoE alleles with regard to total cholesterol, LDL cholesterol, HDL cholesterol, triglycerides or fasting glucose.
Effect of feedback control
Throughout weeks 2-4, the control group consumed 20% of energy as fat. The fat intake of the feedback group was Feedback control for serum cholesterol reduction C Koebnick et al additionally controlled by their cholesterol response to the low-fat diet. The distribution of responders to nonresponders to the diet consumed was not equal among the feedback and control group. In the control group, eight participants were assessed as good responders (reduction 40.75 Â target difference) compared to one participant in the feedback group (P ¼ 0.008). In the feedback group, only one person showed sufficient cholesterol response and was put on a diet containing 20% of energy as fat during the rest of the intervention. Seven participants were put on a diet containing 15% of energy as fat in the first week of feedback control and on 20% in the following weeks. The remaining participants (n ¼ 8) were put on 15% of energy as fat for the complete feedback control period. During the feedback control period an additional reduction-calculated as changes in cholesterol response from the start of the intervention period-in total cholesterol concentrations by 1378% (Po0.001) for the feedback group and by 1178% (Po0.001) for the control group was observed. In the feedback group, LDL cholesterol was reduced by 17711% (Po0.001) and HDL cholesterol by 5711% (Po0.066) compared to 15715% (Po0.001) and 7718% (Po0.133) in the control group (Figure 2 ). Triglycerides, total:HDL cholesterol ratio, LDL:HDL cholesterol ratio and fasting serum glucose did not change significantly during the feedback control period. A reduction in blood lipids was slightly more pronounced in the feedback than in the control group, but no significant differences between groups were observed. The occurrence of elevated LDL cholesterol, low-HDL cholesterol, elevated triglycerides and fasting glucose was also similar in the feedback and control group. No differences in the effect of the feedback control were observed between ApoE alleles with regard to total cholesterol, LDL cholesterol, HDL cholesterol, triglycerides or fasting glucose.
Discussion
High blood cholesterol in adults is highly associated with an elevated risk of coronary heart disease and stroke and, therefore, is a major public health concern (Ornish et al, 1990 ; US Department of Agriculture & US Department of Health and Human Services, 2000; Day, 2001; Zunft et al, 2001; Ansell, 2002; Pasternak, 2002; Hermansen et al, 2003) . Low-fat diets are an established and effective way in the Significance of treatment effect within groups, no effects of feedback controlling between groups were observed.
Feedback control for serum cholesterol reduction C Koebnick et al treatment of hypercholesterolemia, but it has been shown that serum triglyceride levels often increase in response to low-fat diets (Cheung, 2000) . The present study shows that a well-balanced plant-based low-fat diet with 20% of energy as fat can reduce total cholesterol and LDL cholesterol with concomitant decrease of triglyceride concentrations. Despite a slight decrease of HDL cholesterol the LDL:HDL cholesterol also improved. An additional feedback control considering the individual cholesterol response of patients and a subsequent additional reduction of fat intake to 15% of energy as fat did not show any additional beneficial effect.
The Adult Treatment Panel III, the latest report in the National Cholesterol Education Program 'Clinical management guidelines for cholesterol testing and management', identified the lowering of LDL cholesterol as the primary therapy goal for hypercholesterolemia (Pasternak, 2002) . Several dietary interventions have been performed to reach this goal (Mensink & Katan, 1992; Weggemans et al, 1999; Dumesnil et al, 2001; Hoffmann et al, 2001; Zunft et al, 2001; Gimeno et al, 2002; Poppitt et al, 2002; Schaefer, 2002) .
A long-term plant-based diet based on the recommendations of the Wholesome Nutrition has been shown to be associated with reduced LDL cholesterol and triglycerides in healthy women . In the present study, such a plant-based diet used as a low-fat variant of the Wholesome Nutrition diet reduced total cholesterol and LDL concentrations by about 20% after 1 week and about 30% after 4 weeks. Moreover, HDL cholesterol decreased slightly but significantly by 20% during the total intervention period with a wide variability between participants. After 4 weeks of intervention, the LDL:HDL cholesterol ratio improved markedly while the total:HDL cholesterol ratio showed a marginal improvement. Additionally, a marked decrease in serum triglycerides and fasting serum glucose was observed. Several clinical trials have shown that the most favorable lipoprotein profile for coronary heart disease was achieved if saturated fats are replaced by unsaturated fats (Mensink & Katan, 1992) and if the diet is plant-based and well-balanced (Dunn-Emke et al, 2001 ). The lipid-lowering effect started during the first week of intervention and continued until the end of intervention. This observation is in accordance with the effects of other well-balanced low-fat diets (Dumesnil et al, 2001; Sabate, 2003; Sabate et al, 2003) . Wholesome Nutrition is a plant-based diet meeting national and international dietary guidelines for the prevention of nutrition-related diseases Koebnick et al, 2001) . The low-fat variant used in this study is characterized by a high consumption of vegetables and whole grain products resulting in a high intake of bioactive substances, a favorable dietary fat composition and a low glycemic load. A low-fat diet based on foods of plant origin and food with low glycemic index has been shown to be more effective in the reduction of blood lipids within 1 week of intervention compared to other low-fat diets (Dumesnil et al, 2001 ).
The present study shows that Wholesome Nutrition is suitable to improve the blood lipid profile markedly within 4 weeks when used as a low-fat variant. Consequently, the use of such a well-balanced and plant-based diet in the treatment and prevention of hypercholesterolemia seems to be promising, especially for investigating the role of feedback controlling.
Dietary changes in the treatment of hypercholesterolemia often failed due to the wide variability in the blood lipid response as well as sex and hormonal differences (Schaefer et al, 1997) . Therefore, an additional feedback control considering the individual cholesterol response of patients as an indication for an additional reduction of fat intake was hypothesized to further increase the hypocholesterolemic effect of the low-fat diet. The feedback control accompanied by a double-blind preparation and supply of the different types of diets for the control and the feedback group could be achieved due to the application of a special software. This software calculated the individual daily meal composition based upon the individual group assignment and the individual serum total cholesterol reduction achieved. Nevertheless, the results of the present study did not show an additional benefit of the feedback control. A possible explanation to our findings may be that the main hypocholesterolemic effect was achieved after the first week. Furthermore, the remarkable decrease in total and LDL cholesterol during the first week, the relatively low decrease after the first week and the uneven distribution of good responders in total serum cholesterol between groups may be responsible for the low effect of the feedback control. Nevertheless, the study was carefully controlled by a computer-based calculation system to ensure blinding of all persons involved in the study. The effect of a feedback control may be stronger in a dietary intervention that is less effective in the first week than the present one. Therefore, the fat content of the diet may be less important for the lipid profiles than other dietary constituents. The beneficial Feedback control for serum cholesterol reduction C Koebnick et al effects of the well-balanced diet with a high intake of dietary fiber, bioactive substances from fruits and vegetables and the low glycemic index of the foods consumed may have contributed more to the beneficial effects than the fat content of the diet (Dumesnil et al, 2001; Sabate, 2003; Sabate et al, 2003) .
Several intervention studies have been conducted to investigate the interaction between ApoE polymorphism and lipid response to dietary changes (Ordovas, 1999; Ordovas & Galluzzi, 1999) . Some epidemiological and intervention studies showed that the E4 allele carriers were more responsive to changes in dietary fat and cholesterol than were carriers of the E2 or E3 allele (Lopez-Miranda et al, 1994; Dreon et al, 1995; Sarkkinen et al, 1998) , but our observations showed no difference in response between all allele groups, which is in agreement with other reports (Savolainen et al, 1991; Lefevre et al, 1997) .
In conclusion, a low-fat diet containing 20% of energy as fat according to the guidelines of Wholesome Nutrition showed a strong cholesterol-lowering effect already in the first week of intervention. This effect could not be improved by an additional reduction of energy as fat to 15% when a control by a weekly individual feedback mechanism was conducted. The hypocholesterolemic effect of the low-fat diet was similar among subjects of all ApoE alleles.
